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Abstract 
Three-dimensional (3D) Fe2(MoO4)3 microspheres with ultrathin nanosheet constituents 
are first synthesized as anode materials for the lithium-ion battery. It is interesting that the 
single-crystalline nanosheets allow rapid electron/ion transport on the inside, and the high 
porosity ensures fast diffusion of liquid electrolyte in energy storage applications. The 
electrochemical properties of Fe2(MoO4)3 as anode demonstrates that 3D Fe2(MoO4)3 
microspheres delivere an initial capacity of 1855 mAh·g-1 at a current density of 100 mA·g-1. 
Particularly, when the current density is increased to 800 mA·g-1, the reversible capacity of 
Fe2(MoO4)3 anode still arrived at 456 mAh·g
-1 over 50 cycles. The large and reversible 
capacities and stable charge-discharge cycling performance indicate that Fe2(MoO4)3 is a 
promising anode material for lithium battery applications. 
Keywords: Inorganic compounds; Chemical synthesis; Nanostructures 
; Electrochemical properties 
Introduction: 
     Nanostructured materials lie at the centre of fundamental advances for high-
efficiency photochemical and electrochemical energy storage/conversion devices.1-6 In 
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particular, some nanomaterials in special morphologies (nanobelts, nanotubes, hollow 
microspheres, core–shell microspheres, mesoporous materials, etc.) are acknowledged 
as promising solutions for future generations of lithium ion batteries with high energy 
density, high power density, and excellent cycling stability, because of their large 
surface areas, short distances for mass and charge transport, and freedom from volume 
change problems.7-10 
    Metal molybdates have received great attention due to their broad applications in 
various fields, including sensors and detectors, scintillator materials, and catalysis, as 
well as their electrochemical and magnetic applications.11-18 It has been demonstrated 
that soft chemistry routes (hydrothermal synthesis, self-templated methods, 
microwave-assisted solution synthesis, etc.) are the best way to controllably synthesize 
this family of materials.19-25 Recently, many metal molybdates or tungstates with 
different morphologies and sizes have been made via the hydrothermal approach to 
investigate their crystal growth mechanisms or physical properties.10-25 The lithium 
storage capabilities of molybdates have also received little attention. For example, 
Leyzerovich et al. introduced NiMoO4 as a cathode material in lithium ion batteries 
(LIBs) in 2004.24 It is proposed that its high charge capacity is related to the vacancies 
in the structure of the NiMoO4 nanorod bundles, in which Li
+ ions could be reversibly 
incorporated. Ding et al. have reported the first discharge capacity of their NiMoO4 
nanorods as reaching 850 mAh·g-1 for the voltage window between 1.2 and 4.0 V at a 
current density of 0.1 mA·cm-2.14 The discharge curves have clear voltage plateaus 
around 1.8 V. The performance is much better than for CoMoO4 (130 mAh·g
-1) and 
MnMoO4 (180 mAh·g
-1). Recently, Haetge et al. have reported mesoporous 
nanocrystalline nickel molybdate (NiMoO4) thin film electrodes.




discharge capacity is 270 mAh·g-1 at a rate of 1.4 C within a potential window of 3.5–
1.5 V vs. Li/Li+. 
    Iron molybdate (Fe2(MoO4)3) exhibits very interesting magnetic properties and is a 
particularly efficient catalyst for the oxidation of methanol to formaldehyde.19, 26-29 To the 
best of our knowledge, however, no investigations have been conducted on Fe2(MoO4)3 as an 
anode material for lithium ion batteries so far. In the present work, three-dimensional (3D) 
Fe2(MoO4)3 microspheres with ultrathin, single-crystalline nanosheet architectures were 
synthesized via a hydrothermal process. It is interesting that the single-crystalline nanosheets 
allow rapid electron/ion transport on the inside, and the high porosity ensures fast diffusion of 
liquid electrolyte in energy storage applications. The electrochemical properties of 
Fe2(MoO4)3 have been studied here for the first time as anode material in lithium ion batteries, 
in order to explore its prospects in future-generation batteries. 
Results and discussion 
    Fig. 1 presents scanning electron microscope (SEM) images of the hierarchical 3D 
Fe2(MoO4)3 microspheres with ultrathin nanosheet constituents synthesized at 180 
oC. The 
overall morphology of the samples (Fig. 1(a-b) and Fig. S1) indicates that large-scale 
microspheres were achieved by using this simple hydrothermal approach. The obtained 
microspheres have diameters ranging from 5 to 20 μm. As shown in the high-magnification 
SEM images [Fig. 1(b-c)], the microspheres are composed of numerous ultrathin nanosheets. 
Fig. 1(d) presents the morphology of the constituent naonsheets from observing the cross-
sectional surfaces of the microspheres, in which it is clearly displayed that the nanosheets are 
around 500 nm in width. The thicknesses of the nanosheets were also estimated from Fig. 
1(e). It is interesting that the nanosheets are very thin, around 20-50 nm. From Fig. 1(e), we 
also find that there is considerable space between the individual nanosheets. This kind of 




diffusion of the reaction solution in further functional applications. The chemical composition 
of the Fe2(MoO4)3 microspheres was analysed by energy dispersive spectroscopy (EDS), as 
shown in Fig.1(f), indicating that the constituent chemical elements are Fe, Mo, and O in a 
molar ratio approximately equal to 1: 1.4: 5.8, near to the Fe2(MoO4)3 formula. The 
corresponding X-ray diffraction (XRD) characterization also confirmed the formation of 
well-crystalized monoclinic Fe2(MoO4)3 (Fig. S2 in the Supporting Information). 
   The microstructure and the crystal structure of the Fe2(MoO4)3 nanosheets in the 3D 
nanosheet microspheres were further characterized by transmission electron microscopy 
(TEM). Fig. 2(a) shows individual nanosheets after breaking up the Fe2(MoO4)3 microspheres 
by ultrasonication. Fig .2(b) shows the corresponding selected area electron diffraction 
(SAED) pattern from the nanoplates, which was recorded from the [011] zone axis. Fig. 2(c-d) 
presents high resolution TEM (HRTEM) images, showing the lattice fringes of the 
nanosheets, which are in good agreement with the d-spacing of the (Error! Reference 
source not found.24) and (212) planes. The white spots verify the single crystalline nature of 
the Fe2(MoO4)3 nanoplates and show that the crystal grows along the [0Error! Reference 
source not found.1] direction. 
Fig. 3 shows the first five cyclic voltammetry (CV) curves of the electrode made from the 3D 
Fe2(MoO4)3 microspheres at a scan rate of 0.1 mV/s in the voltage range 0.01~3.0 V vs. Li. 
The voltammogram for the first cycle is substantially different from those for the subsequent 
ones. During the first cycle, it showed a broad cathodic peak cantered at 1.33 V, followed by 
onset of a large voltage peak at 0.3 V and extending up to the 0.049 V, which can be ascribed 
to the reduction of Fe3+ and Mo6+ to metallic Fe and Mo, respectively. The main reduction 
peak shifts to broad peaks at 0.64 and 0.19 V in the subsequent cycles, which might originate 
from the pulverization of the Fe2(MoO4)3. These voltage peaks implied the crystal structure 




During the subsequent oxidation, a broad and intense peak cantered at 1.45 V and a low 
intensity peak cantered at 1.75 V were observed. The first voltage peak is possibly due to the 
oxidation of Mo to Mo6+ state (i.e. formation of MoO3) and the later peak is possibly due to 
the oxidation of Fe to Fe2O3,
30 the Mo element was reduced from the higher oxidation state of 
Mo and hence facilitated the formation of MoO3 during subsequent oxidation in O-reach 
environment. These peaks are due to the oxidation of metals to form their corresponding 
metal oxides (eqn (2) and (3)). 
Fe2(MoO4)3 + 24Li
+ + 24e– → 2Fe0 + 3Mo0 + 12Li2O     (1) 
       2 Fe + 3Li2O ↔ 2 Fe2O3 + 6Li+ + 4e–           (2) 
       3Mo + 9Li2O ↔ 3MoO3 + 18Li+ + 12e–          (3) 
    The electrochemical performance of the Fe2(MoO4)3 was measured via coin cell testing. 
Fig. 4(a) shows typical discharge/charge cycles of the as-prepared Fe2(MoO4)3 electrode 
cycled between 0.01 and 3.0 V at a current density of 100 mA·g-1 at room temperature. The 
initial discharge capacity of the as-prepared 3D Fe2(MoO4)3 microspheres was 1855 mAh·g
-1. 
The difference between the first and following cycles could be seen. In the first discharge 
curves, two voltage plateaus near 1.6 and 0.6 V are clearly observed, and the higher potential 
peak remains at 0.6 V in the following cycles, while the charge curves of the sample show a 
de-insertion plateau at about ~1.5 V. Apparently, iron molybdate manifests similar discharge 
processes with that of nickel molybdite based on the voltage-capacity profiles.25 The 
electrochemical intercalation of Li into Fe2(MoO4)3 leads to the formation of a two-phase 
system: Li-Fe-O and Li2MoO3, which has not been previously described, with the former 
phase being redox inactive in the potential window chosen here. It has been reported that the 
formation of Li-A-O is irreversible and contributes to the irreversible capacity loss in the first 




layer is also partly responsible for the initial irreversible capacity loss. After the first 
charge/discharge cycle, the electrochemically active LixMoOy conveys reversible 
electrochemical reactivity toward Li. 
Fig. 4(b) shows the cycling performance of the 3D Fe2(MoO4)3 microspheres at a current 
density of 100 mA·g-1. The Fe2(MoO4)3 microspheres delivered a larger initial capacity of 
1855 mAh·g-1 (equivalent to ∼14.1 mol Li per mole) and show a high reversible capacity of 
1382 mAh·g-1 for the second cycle, which is much higher than what was reported for metal 
molybdates.14, 24-25 It still retains a high capacity of 745 mAh·g-1, even after 50 cycles, which 
is much higher than the theoretical capacity of graphite (372 mAh·g−1). What is more, except 
for the first two cycles, where Coulombic efficiencies are 98%, those of the rest of the cycles 
are about 100% Coulombic efficient (Fig. 4(b)). It is interesting that there is a deep reduction 
in the capacity in the first cycle. Based on a previous study on MnO2, the sloping part is 
generally considered as due to capacitive behaviour from surface storage of lithium, which 
has been widely observed in the nanostructured materials with high specific surface areas.31-32 
The improvement in charge storage is likely due to the unique morphology of the material, in 
particular, the ability to access bulk and surface sites. It is obvious that the Fe2(MoO4)3 
sample shows much improved cycling performance with higher specific capacity at the same 
cycle with the same current density as compared with the other samples in the literature.14,24 
The superior battery performance is mainly attributable to the unique micro/nanostructure 
composed of interconnected Fe2(MoO4)3 nanosheets, which provides good electrolyte 
diffusion and large electrode−electrolyte contact area, while reducing volume change during 
the charge/discharge process. The strategy is simple but very effective, and because of its 




To better understand the electrochemical behaviour of the 3D Fe2(MoO4)3) nanosheet 
microspheres, we also investigated their rate performance as shown in Fig. 5(a-b). The 
Fe2(MoO4)3 electrode was cycled at various current densities (100−1600 mAh·g
-1). The cell 
shows good rate capability with average discharge capacity of 1546, 785, 496, 449, 299, and 
212 mAh·g-1, when the current density was increased stepwise to 100, 200, 400, 800, 1200, 
and 1600 mA·g-1, respectively. Upon changing the current density back to 100 mA·g-1, an 
average discharge capacity as high as 811 mAh·g-1 could be recovered. This demonstrates 
that the 3D Fe2(MoO4)3 nanosheet microspheres have great potential as high-rate anode 
materials in lithium-ion batteries. 
Electrochemical impedance spectrum (EIS) can give information about the solid 
electrolyte interface, the charge transfer and bulk resistances of the electrodes, and the 
associated capacitances and variation of the electrodes with the applied voltage during the 
charge-discharge cycles.33-34 Fig. 6 presents the impedance plots were obtained for 3D 
Fe2(MoO4)3 electrodes. The presence of a semi-circular loop at higher frequencies is 
attributed to the faradic reactions. The measured resistance (intercept of semicircle along the 
x-axis) is composed of the ionic resistance of electrolyte, which is the intrinsic resistance of 
the active material and the contact resistance of the active material/current collector interface. 
The intermediate frequency region, the 45o tilting tails is the characteristic of Li+ ion 
diffusion into the porous structure of the electrode. In the low frequency region, the slop of 
the impedance plot increases and tends to become purely capacitive, which demonstrate the 
high electrochemical capacitance of the material. As shown in Fig. 5, the Fe2(MoO4)3 
electrode exhibited much lower resistance in the higher frequency region at the first 10 cycles, 
indicating the better electronic conductivity and smaller contact resistance. However, the 
impedance spectrum of the Fe2(MoO4)3 electrode after 50 cycles showed an extremely high 




cycling should be aroused by the interconnectivity among the Fe2(MoO4)3 3D microspheres, 
which undergo a large volume change during the electrochemical conversion reaction. The 
volume change of the electrodes during the cycling leads to a large mechanical stress and a 
subsequent structural failure, which then induces an electrical isolation and contact loss 
within the nanostructured electrodes, and results in an increase in charge transfer resistance.35 
This study revealed that if above problem is solved in our future work,  3D Fe2(MoO4)3 
microspheres will be the promising anode material with high-capacity for lithium ion 
batteries. The design of Mo-based anode materials for lithium ion batteries with long cycle 
life, high reversible capacity, and excellent rate capability, however, have to be further 
studied, for example, by polymer coating of Fe2(MoO4)3 materials and proper fabrication of 
Fe2(MoO4)3/graphene composites. 
Conclusions 
    In summary, 3D Fe2(MoO4)3 microspheres with ultrathin nanosheet constituents were 
successfully synthesized. The 3D Fe2(MoO4)3 nanosheet microspheres displayed an initial 
capacity of 1855 mAh·g-1 at a current density of 100 mA·g-1. After 50 cycles, the sample still 
retained a high capacity of 745 mAh·g-1. In particular, when the current density was increased 
to 800 mA·g-1, the reversible capacity of Fe2(MoO4)3 anode still reached 456 mA·g
-1 after 50 
cycles. These results demonstrate that 3D Fe2(MoO4)3 microspheres are promising for 
application as anode materials in superior future generation lithium-ion batteries due to their 
enhanced lithium ion storage capabilities. 
Appendix A. Supporting information 
Supplementary data associated with this article can be found in the online version. 
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Figure 1: SEM morphology and chemical composition of Fe2(MoO4)3 microspheres 
composed of ultrathin nanosheets: (a) Low-magnification image, (b) high 
magnification image of an individual microsphere, (c) enlarged SEM surface 
view of microsphere, (d) cross-sectional view of the Fe2(MoO4)3 microsphere 
showing the surfaces of the nanosheets, (e) cross-sectional view of the 
Fe2(MoO4)3 microsphere showing the thickness of the nanosheets, and (f) the 
corresponding EDS spectrum. 
Figure 2: (a) Low magnification TEM image of individual Fe2(MoO4)3 nanosheets, (b) 
corresponding SAED pattern, (c) HRTEM image of the nanosheets, and (d) the 
lattice fringes of the Fe2(MoO4)3 nanosheets. 
Figure 3: First five cycles of CVs for the 3D Fe2(MoO4)3 microspheres electrode at a scan 
rate of 0.1 mV s−1 in the voltage range of 0.01−3.0 V. 
Figure 4: Electrochemical properties of 3D Fe2(MoO4)3 microspheres: (a) typical 
discharge/charge curves for selected cycles, cycled between 0.01 and 3.0 V at 100 
mA·g-1, (b) cycling performance of discharge capacity at 100 mA·g-1. 
Figure 5: Rate performance of 3D Fe2(MoO4)3 microspheres: (a) discharge/charge curves at 
various current densities, (b) rate performance of 3D Fe2(MoO4)3 electrode. 
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